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Canonical Wnt signalling
Mouse P19 cellsFormation of the vertebrate nervous system requires coordinated cell–cell interactions, intracellular
signalling events, gene transcription, and morphogenetic cell movements. Wnt signalling has been involved
in regulating a wide variety of biological processes such as embryonic patterning, cell proliferation, cell
polarity, motility, and the speciﬁcation of cell fate. Wnt ligands associate with their receptors, members of
the frizzled family (Fz). In Xenopus, ﬁve members of the frizzled family are expressed in the early nervous
system. We have investigated the role of Xenopus frizzled-10 (Fz10) in neural development. We show that
Fz10 is expressed in the dorsal neural ectoderm and neural folds in the region where primary sensory
neurons develop. Fz10 mediates canonical Wnt signalling and interacts with Wnt1 and Wnt8 but not Wnt3a
as shown in synergy assays. We ﬁnd that Fz10 is required for the late stages of sensory neuron
differentiation. Overexpression of Fz10 in Xenopus leads to an increase in the number of sensory neurons.
Loss of Fz10 function using morpholinos inhibits the development of sensory neurons in Xenopus at later
stages of neurogenesis and this can be rescued by co-injection of modiﬁed Fz10B and β-catenin. In mouse
P19 cells induced by retinoic acid to undergo neural differentiation, overexpression of Xenopus Fz10 leads to
an increase in the number of neurons generated while siRNA knockdown of endogenous mouse Fz10
inhibits neurogenesis. Thus we propose Fz10 mediates Wnt1 signalling to determine sensory neural
differentiation in Xenopus in vivo and in mouse cell culture.
© 2009 Elsevier Inc. All rights reserved.Introduction
Formation of the vertebrate nervous system requires temporal and
spatial coordination of multiple processes, including neural induction,
cell proliferation, commitment to lineage, regulated cell cycle
withdrawal, and neuron-speciﬁc gene expression accompanying
differentiation. The efforts to understand exactly how these signals
work have focused on molecules that can modify patterns of gene
expression (Purves et al., 2001; Seo et al., 2005b).
During neurulation, the neural plate mediolateral axis will later
form the dorso–ventral axis along which will occur the diversiﬁcation
of the major neural cell types: Floor plate cells at the ventral midline,
motor neurons at the ventrolateral position, and ventral interneurons
at more dorsal locations. Cells in the dorsal regions give rise to neural
crest cells and to roof plate cells and dorsal sensory neurons.
The process of neural development involves cooperation between
different classes of signals. Neural induction requires a sequence of
signals in a speciﬁc order. In the dorsal ectoderm, blockade of BMP
signalling by BMP antagonists such a noggin, chordin, and follistatin
elicits the activation of early pan-neural markers such as Sox2 and
Sox3 (Reversade et al., 2005). Following initial neuralization, neuronaleler).
ll rights reserved.differentiation and patterning along the anterior–posterior axis then
take place (Papalopulu and Kintner, 1996).
Neurogenesis comprises at least ﬁve processes: proliferation of
stem cells and progenitor cells, neuronal differentiation, migration,
integration into neural circuitary, and survival of cells (Scholzke and
Schwaninger, 2007). In Xenopus, as with other vertebrates, primary
neurogenesis occurs as a cascade of events taking place after
expression of pan-neural genes such as Sox2 and N-CAM. The neural
progenitors proliferate to ensure a sufﬁciently large pool of cells is
available to generate all the cell types required for the correct
development of the nervous system. Subsets of these cells express
proneural genes such as XASH3 and Neurogenin, which deﬁne
domains of neuronal competence within the neural plate and
subsequently induce neuronal differentiation genes such as NeuroD
(Chitnis and Kintner, 1995; Sasai, 1998; Seo et al., 2005a). In Xenopus,
primary neurons are important for early tadpole behavior. Committed
neural progenitor cells expressing proneural genes arise from the
deep layer of the neuroectoderm (Chalmers et al., 2002; Hartenstein,
1989; Seo et al., 2005b). Primary neurons are observed in three
longitudinal domains on either side of the dorsal midline and later in a
dorso–ventral pattern corresponding to motoneurons, interneurons,
and sensory neurons in a ventral to dorsal order. Neurogenesis within
these domains is regulated by basic helix-loop-helix (bHLH) pro-
neural genes. The earliest proneural gene expressed is Neurogenin-
related-1 (Ngnr-1) which induces later bHLH factors such as NeuroD.
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Notch ligand Delta1 stimulating lateral inhibition, which restricts the
number of neural cells speciﬁed to become neurons. MyT1 renders
neuronal precursors resistant to Notch signalling. They then undergo
neuronal differentiation, as seen by β-tubulin expression (Bellefroid
et al., 1996; Cayuso andMarti, 2005; Lee and Jessell, 1999; Tanabe and
Jessell, 1996).
Wnt signalling is important for many aspects of development
including neural differentiation (Ciani and Salinas, 2005). Frizzleds
are seven-transmembrane domain proteins that act as the receptors
for Wnt signalling. In Xenopus ﬁve frizzleds have been identiﬁed as
expressed in the nervous system including Fz2, Fz3, Fz4, Fz7, and Fz10
(Deardorff and Klein, 1999; Moriwaki et al., 2000; Shi and Boucaut,
2000; Wheeler and Hoppler, 1999). Fz10 expression is seen in the
neural ectoderm and in the neural fold at the early neurula stage.
During later neurula stages the neural tube expression increases in the
midbrain region (Moriwaki et al., 2000; Wheeler and Hoppler, 1999).
Canonical Wnt signalling is important during neurogenesis. Wnt1
and Wnt3a have been shown in mouse and chick to play an
important role in growth control in the neural tube (Dickinson et al.,
1994; Ikeya et al., 1997; Megason and McMahon, 2002). In Xenopus
Xwnt1 and Xwnt3a are expressed in the dorsal neural tube and have
been shown to be involved in patterning the neuroectoderm along
its dorso–ventral axis (Saint-Jeannet et al., 1997). Overexpression of
GSK3β in Xenopus neural tube inhibits N-tubulin expression in the
most lateral stripe and dominant negative (dn) forms of GSK3β,
which mimic a gain of function in canonical signalling, produce an
increase in the number of N-tubulin positive cells in the lateral
stripe (Marcus et al., 1998). Patterning of the lateral neural plate is
mediated by Wnt signals that establish the posteriolateral domain,
where dnWnt8 injection blocks Pax3, Krox20, En2 expression, and
the development of Rohon-Beard cells (Bang et al., 1999). The
function of canonical Wnt signalling in increasing the number of
neurons has also been demonstrated in in vitro studies (Lyu et al.,
2003; Patapoutian and Reichardt, 2000; Smolich and Papkoff, 1994;
St-Arnaud et al., 1989; Yang et al., 1998).
The Fz10 expression pattern strongly suggests that it may play
important roles in the development of neural tissues, especially in the
formation of dorsal neural structures such as sensory neurons
(Moriwaki et al., 2000; Wheeler and Hoppler, 1999). We show here
that Fz10 is important for neurogenesis during Xenopus development
and also during retinoic acid (RA) mediated differentiation of mouse
P19 cells into neural cells.
Materials and methods
Note: We previously reported the cloning and expression of
Xenopus frizzled-9 (Wheeler and Hoppler, 1999). Subsequent
sequence analysis of frizzled-9 and frizzled-10 in other species
clearly showed Xenopus Fz9 to be in fact the orthologue of Fz10B
(our unpublished results and Moriwaki et al. (2000)).
Embryo manipulations and microinjections
Xenopus laevis eggs were fertilized in vitro and incubated in 0.1X
MMR solution and de-jellied using 2% L-cysteine (Fluka). Staging of
embryos was according to the normal table of Niewkoop and Faber
(Niewkoop, 1994).
Capped RNAs encoding for Fz10B, Wnt1, Wnt8, β-catenin, Wnt3a,
Wnt7b, and Fz10B SDM were generated using SP6 mMESSAGE-
Mmachine™ kit (Ambion); antisense morpholino oligonucleotides
(MO) were synthesized by Gene Tools and tested by in vitro
translation using the TNT coupled reticulocyte lysate system
(Promega). The Fz10B MO used was 5′-GCGGTAACAACTCTCGGCTCC-
ATTG-3′. A standard morpholino oligo was injected as control. In
vitro site-directed mutagenesis for Fz10B was performed followingStratagene modiﬁed protocol, as follows: 5 μl of 10× reaction buffer,
1 μl of WT dsDNA template (5–50 mg), 1 μl forward primer (20 mM;
5-TTGGGCGGCAATGGACCACGTGTCGTTACCGCGCTCCTTCTC-3), 1 μl
reverse primer (20 mM; 5-AACCCGCCGTTACCTGGTGCACAG-
CAATGGCGCGAGGAAGAG-3), 0.7 μl of dNTP mix (10 mM), 40.8 μl
Sigma H2O, and 0.5 μl Pfu DNA polymerase. Then the following 18-
cycle conditions were followed: 94 °C 30 s, 94 °C 30 s, 55 °C 1 min,
68 °C 9 min. The reaction was digested with 1 μl Dpn I (Roche) and
incubated at 37 °C for 2 h. The mRNA or MO was co-injected with
lacZ (500 pg). Microinjection was carried out in 3% MMR containing
3% Ficoll PM400 (Sigma). One or both blastomeres were injected
into the animal pole of two-cell stage embryos or twice into the
ventral or dorsal marginal zone of four-cell stage embryos. β-
Galactosidase activity was detected by colorimetric reaction using
Red-Gal (Sigma) as substrate. Embryoswere staged and ﬁxed for 1 h at
room temperature in MEMFA. Animal cap experiments were carried
out as previously described (Saint-Jeannet et al., 1997). Brieﬂy,
embryos were injected at one-cell stage in the animal pole with
500 pgmRNA for noggin alone or in combination withWnts, frizzleds,
and/or MOs at concentrations indicated in the ﬁgure legends,
incubated in 3% Ficoll, and then transferred to ﬁltered sterilized 1×
MMR. At stage 6 embryos were devitellinized and at stage 9 embryos
were transferred to 1% FBS/1×MMRand animal caps for each injection
were cut then incubated in 0.5× MMR/gentamicin at 18 °C until their
siblings reached stage 18. Total RNA was extracted using the RNeasy®
Micro Kit (Qiagen, catalog no. 74004). RT-PCR was done as previously
described (Abu-Elmagd et al., 2006).
In situ hybridization and histology
Single or double in situ hybridisation was carried out as pre-
viously described (Harrison et al., 2004; Tomlinson et al., 2008).
Sense and antisense probes were synthesised for each marker. In
situ probes used in this study were kind gifts of Prof. Yoshiki Sasai
(Sox2), Dr. Malcolm Whitman (N-CAM), Prof. Nancy Papalopulu
(N-tubulin, ElrC, and En2), and Dr. Michael Sargent (Slug). For
histological examination embryos were ﬁxed in MEMFA for 2 days,
washed twice in 0.1% Tween-20/PBS then 70% ethanol for 15 min
each, followed by 85% and 95% ethanol for 30 min, three times in
100% ethanol for 30 min each, and twice in 100% xylene for 30 min
at room temperature. Then embryos were washed in 1:1 xylene/
parafﬁn for 45 min at 60 °C. Finally embryos were washed three
times in 100% Fibrowax (VWR international) at 60 °C and placed in
100% parafﬁn and allowed to solidify. Sections (15 μm thick) were
obtained in a microtome (American Optical Corporation). Frozen
sectioning for double in situ embryos was done by incubating
embryos in 30% sucrose/ﬁltered sterilized PBS overnight at 4 °C
and then washing them twice in OCT (Sakura). The ﬁnal
embedding was done by immersing of OCT capsules in absolute
isopropanol and freezing it with liquid nitrogen. Sections (15 μm)
were obtained (Cryostat, Leica), rinsed twice with 1× PBS, and
mounted with Mowiol 4-8 (Calbiochem).
Cell culture
Mouse embryonic carcinoma cell line P19 was purchased from
ATCC. Cells were grown as monolayer culture in Dulbecco's modiﬁed
Eagle's medium (DMEM) supplemented with 10% heat-inactivated
foetal bovine serum (Invitrogen) and antibiotics (100 units/ml
penicillin and 100 units/ml streptomycin) (Invitrogen) in a 5% CO2-
humidiﬁed chamber at 37 °C. Cells were passaged using 0.05% trypsin–
EDTA (Invitrogen). P19 cell differentiationwas carried out as described
(Jones-Villeneuve et al., 1982; McBurney et al., 1982). P19 cells
(1×105) were seeded into non-coated bacteria culture plates with
freshmedium in the presence of 1×10–6M all-trans-retinoic acid (RA)
(Sigma) for 2 days. RA medium was then removed by centrifugation
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Aggregateswere seeded onto adherent culture plates or gelatin-coated
coverslips and then returned to the incubator. Culture medium was
changed very gently to remove cell debris on the next day, andmedium
was replaced every 2 days during the differentiation process.
Transfection of P19 cells
P19 cells (1×106) were transiently transfected with 10 μg of
plasmid of interest. The transfection reagent Lipofectamine 2000
(Invitrogen) was mixed with the DNA at room temperature for
20 min, and added into the culture ﬂask with serum free DMEM. The
ﬂask was incubated for 5 h in a CO2 incubator, after that the solution
was replaced by fresh culture medium.
To measure transfection efﬁciency, 1 μg of plasmid pCS2-GFP was
co-transfected with 10 μg of another plasmid construct and 10 μg of
pCS2-GFP was used as control transfection. Expression of GFP was
visualized by ﬂuorescence microscopy at 24 h. The number of cells
expressing GFP was counted and compared with control transfection
to determine the transfection efﬁciency. The transfected cells were
harvested for Western blot and RT-PCR at 48 h.
Three frizzled-10 (mFz10) siRNA duplexes, Fzd10-1 (925CTGCG-
TTTATTCGGTGGGCTA945), Fzd10-2 (710CACCATGTGGAGAAGAGC-
GAA730), and Fzd10-3 (1921TGGCTGGTTGGTAAATCA1941), designed
from Mouse Frizzled-10 (accession number NM 175284) and non-
targeting negative control siRNA duplexes were purchased from
Qiagen. The day before transfection, P19 cells were seeded into 6-well
culture plates with fresh normal culture medium, and incubated
under normal growth conditions. Shortly before transfection, 2.3ml of
fresh culture medium was added. Transfection of siRNA duplexes was
carried out using HiPerFect transfection reagent (QIAGEN), using the
manufacture's protocol with minor modiﬁcation. mFz10 siRNA or
control siRNA 1.2 μl (20 μM)was diluted in 100 μl of OPTI-MEN culture
medium (Invitrogen) without serum, and mixed with 12 μl of
HiPerFect transfection reagent by vortexing then incubated for
10 min at room temperature. The mixtures were then added drop-
wise onto the cells, and siRNA concentrations were obtained to 10 nM
in the medium.
After 24-h incubation, transfected P19 cells, over 90% conﬂuence,
were trypsinized and plated out in 1:3 dilution with fresh siRNAs
added (described above). Cells were incubated for further 24 h, then
the knockdown efﬁciency was analyzed by RT-PCR and Western blot.
Immunostaining and Western blotting
Rabbit anti-frizzled-10 polyclonal antibody targeting the frizzled-
10 extracellular domain was purchased from Abcam (Cambridge,
UK). Mouse anti-β-III-tubulin isotype monoclonal antibody (mAb)
was purchased from Sigma, and mouse anti-GFAP mAb was from
Cell Signaling. Rabbit anti-GAPDH mAb (Cell Signaling) was a gift
from Dr. Laura Wagstaff (Biomedical Research Center, University of
East Anglia, UK). Goat anti-mouse and goat anti-rabbit horseradish
peroxidase (HRP) conjugated secondary antibodies were from
Sigma, and ﬂorescence conjugated secondary antibodies, AlexaTable 1
RT-PCR primers and reaction parameters.
5′ primer 3′ primer
mFz10 caggaaggactggagagca gctgcccacataacaca
XFz10B-NT atggagccgagagttgttac ggaagaacttgaggtga
XFz10B-CT tggacttccaaaacggtgca tacacaggtaggggaac
GFAP tttctccttgtctcgaatga ggtttcatcttggagctt
HPRT cgtcgtgattagcgatgatg tccagcaggtcagcaaa
Nestin ggagagtcgctagaggtgc tcaggaaagccaagag
β-III-tubulin gagacctactgcatcgacaa cattgagctgaccaggg488 goat anti-rabbit IgG, and Alexa 568 goat anti-mouse IgG were
from Invitrogen.
Cells were seeded and cultured on gelatin-coated glass coverslips
in 24-well culture plates before doing immunostaining. After brieﬂy
washing in PBS, cells were ﬁxed with 4% paraformaldehyde at room
temperature for 15 min, and permeabilized with ice-cold methanol at
−20 °C for 10 min. The specimens were blocked in 5% goat serum
(Invitrogen) with PBS containing 0.3% Triton X100 (Sigma) for 1 h at
room temperature. Fixed cells were incubated overnight at 4 °C with
primary antibodies and then with ﬂorescence conjugated secondary
antibodies for 1 h at room temperature. Cells were counter stained
using 10 μg/ml of 4′-6-diamidino-2-phenylindole (DAPI) for 5 min
and mounted with HYDROMOUNT (National Diagnostics) mounting
media.
For double immunostaining, two primary antibodies, made from
different species, were added together, and two different secondary
antibodies were used, as well. The stained cells were observed and
photographed under a CCD upright Zeiss ﬂuorescence optics micro-
scope at the Henry Wellcome Laboratory (University of East Anglia).
For assaying total protein expression, P19 cells were scraped into
NP-40 lysis buffer (50 mM Tris–HCl, pH 7.4, 0.15 M NaCl, 1.0 mM
EDTA, 1% NP-40), and incubated on ice for 20 min. Insoluble materials
were removed by centrifugation at 13,000 × g for 10 min at 4 °C. Fifty
micrograms of total proteins were separated on a 8% SDS–PAGE and
then transferred to a nitrocellulose membrane. Membrane was
blocked in PBS containing 0.1% Tween-20 (Sigma) and 5% milk
powder at 4 °C overnight, and then treated with primary antibody in
blocking solution at 4 °C overnight. Bands were visualized by incu-
bation with HRP conjugated secondary antibody in blocking solution
for 1 h at room temperature, and enhanced chemiluminescence
reagents (ECL) (Sigma). For measuring digital images, Volocity soft-
ware (Improvision) was used for counting cells number. Student's
t-test was used for statistical analyses. Data were presented as
means±SD, with data from at least three independent experi-
ments. pb0.05 was considered statistically signiﬁcant.
Reverse transcriptase PCR (RT-PCR)
For semi-quantitative RT-PCR analysis, total cell RNA was prepared
according to the AGPC method (Koopman et al., 1991). Around 1×106
P19 cells were scraped into RNase free tubes and spun down at
3,000 rpm for 3 min to remove medium. Solution D (100 μl; 4 M
guanidine thiocynate; 25mMsodium citrate, pH7; 0.5% sarcosyl; 0.1M
2-mercaptoethanol) was added into the tubes and vortexed until cell
pellet decomposed. Then 10 μl of 2M sodium acetate (pH 4.0), 100 μl of
phenol, and 20 μl of chloroform (Sigma) were added respectively into
tubes with thorough mixing. The tubes were cooled on ice for 15 min
and centrifuged at 16,000 rpm for 15 min at 4 °C. After centrifugation,
the mixtures were separated into aqueous and organic phases. The
aqueous phase wasmoved into new tubes with 240 μl of 100% ethanol,
and the tubes were frozen on dry ice for RNA precipitation. RNA pellets
were obtained by centrifugation at 16,000 rpm for 15 min at 4 °C. The
pelletswerewashedby300 μl of 80%ethanol and then spun for 5min to
remove all liquids. RNA pelletswere left to dry at room temperature forTm (°C) Cycles Size (bp)
cac 57 30 263
ctg 54 25 259
gta 54 25 172
ct 54 40 368
gaa 55 30 218
aagc 55 25 310
aat 55 25 150
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prepared RNA quality was tested by electrophoresis on 1.2% agarose
gel. Concentrations of the RNA samples were measured by NanoDrop
ND-1000 UV-Vis Spectrophotometer (Thermo).
Total cDNA was synthesized from 1 μg of puriﬁed RNA using
Transcriptor Reverse Transcriptase (Roche) in a total volume of
20 μl. The reaction conditions for RT-PCR were varied according to
different primers (Table 1). The reactions were carried out by Bioline
Taq polymerase system. For quantifying expression levels, each
reaction was normalized by housekeeping gene Hypoxanthine
phosphoribosyltransferase (HPRT).
Results
Xenopus Fz10B colocalizes with neural markers
Frizzled-10 has been shown to be expressed in the developing
nervous system in mouse, chick, zebraﬁsh, human, and XenopusFig. 1. In situ hybridization showing expression of Fz10B relative to other neural markers. (A
(C) Slug, (D) N-CAM, (E) ElrC, and (F) Fz3 in late neurula stage embryos; dorsal views, an
hindbrain boundary. First panel shows Fz10B (red) and Engrailed 2 (blue) expression in the
slide showing Fz10B expression. (H) Scheme showing the arrangements of the neurons with
indicated, color-coded, on the top of each panel. ne, neuroectoderm; Not, notochord; NC, n(Kawakami et al., 2000; Koike et al., 1999; Nasevicius et al., 2000;
Nunnally and Parr, 2004; Voigt et al., 2005; Wheeler and Hoppler,
1999). Xenopus Fz10B is ﬁrst detected by in situ hybridization at stage
13, when the neural plate becomes evident. This expression is seen in
the neural ectoderm and the neural folds until stage 26, when it
begins to decrease. By stage 35, it becomes restricted to the midbrain
and hindbrain where it is found in the dorsal neural tube (Moriwaki
et al., 2000; Wheeler and Hoppler, 1999). As the Fz10B expression
pattern is restricted to the dorsal side of the developing nervous
system, we decided to better deﬁne its expression by comparing it
with that of known neural markers. Double in situ hybridization
experiments at stage 17/18 showed that Fz10B is expressed at the
lateral border of expression of the pan-neural markers Sox2 and N-
CAM but is absent from the most anterior neural region of expression
of these general neural markers, which will form the forebrain (Figs.
1A and D). Fz10B is expressed in a territory circumscribed by the
lateral domain of the neural progenitor marker ElrC and the fully-
differentiated neuron marker N-tubulin; this domain corresponds to–F) Double in situ hybridization with Fz10B in red and in blue (A) Sox2, (B) N-tubulin,
terior towards the top. (G) Cross section of a stage 26 embryo through the midbrain–
prospective dorsal neuroectoderm. Second panel shows ﬂuorescent picture of the same
in the neural tube at late neurula stages. The probes used and the respective staining are
eural crest; L, lumen; MN, motor neurons; IN, interneurons; SN, sensory neurons.
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anterior regions the overlap occurs with interneurons (Figs. 1B and E).
Fz3, another member of the frizzled family, shows an expression
pattern similar to that of Fz10B (Deardorff et al., 1998). However
double in situ hybridization shows that Fz3 is located in a more medial
position and also in the anterior neural folds and future forebrain
compared to the more lateral and posterior localization of Fz10B
(Fig. 1F). Sections show Fz10B to be expressed in the dorsal neuro-
ectoderm (Fig. 1G and data not shown). The expression pattern data
suggest that Fz10Bmay have a function in the development of sensory
neurons, which originate in the dorso–lateral neural tube (Fig. 1H).
Xenopus Fz10B mediates canonical Wnt signalling and synergizes with
Wnt1 and Wnt8
We next investigated which Wnt pathway Fz10B is interacting
with. Axis duplication assays, in which positive regulators of the β-
catenin dependent canonical pathway induce axis duplication, had
previously shown that human Fz10 (FZD10) could induce partial
secondary axis in Xenopus embryos when injected into the ventral
marginal zone (VMZ) at four-cell stage (Terasaki et al., 2002).
Consistent with this we found that when Fz10B is injected into the
VMZ it is also able to induce partial axis duplication (Fig. 2C).
To further analyze the involvement of Fz10B during Wnt
signalling, we investigated candidate mediators of Wnt signalling
through Fz10B. In considering candidate ligands, it was noticed that
Wnt1 andWnt3a are selectively expressed in the dorsal but not in the
ventral part of the developing nervous system. Wnt1 is ﬁrst observed
in neurula stage embryos at the anterior most portion of the neural
fold. At st 27 its expression is localized exclusively in the developing
brain and dorsal neural tube (Wolda et al., 1993). Wnt3a is expressed
exclusively along the dorsal midline of the developing brain andFig. 2. Fz10B acts through the canonical pathway and synergizes with Wnt1 andWnt8 but no
zone at the four-cell stage. LacZ (A), 50 pg Fz10B co-injected with 0.025 pg Wnt1 (B), 500 pg
ectopic axis (red bar) in synergy experiments between Fz10B (50 pg) and Wnt1, Wnt3a, Wneural tube and along the dorsal surface of the otic vesicle (Wolda
et al., 1993). The correlation of Fz10B being expressed in Wnt1 and
Wnt3a territories and the fact that both Wnts activate canonical
signalling led us to examine whether Fz10B is the receptor mediating
signals from theseWnts. To test this hypothesis, we carried out synergy
experiments to induce axis duplication. Embryos were injected with
either Fz10B (50 pg or 500 pg) or Wnt1, Wnt3a, Wnt7b, or Wnt8
(0.008, 0.0125, 0.025, or 1 pg) mRNA, or co-injected with subminimal-
dose of Fz10B (50 pg) and any of the Wnts mentioned above (Fig. 2).
These experiments showed that injection of subminimal-dose of Fz10B
or any of these Wnts on their own does not induce axis duplication.
However Fz10B was able to induce an ectopic axis if co-injected with
low concentrations of Wnt1 (Figs. 2B and E) or Wnt8 mRNA, but not
when injected with Wnt3a or Wnt7b (Fig. 2E). A relatively large
amount of mRNA (1 pg) was also injected as a positive control for axis
duplication (Figs. 2C–E). Thus, the interaction between receptor-ligand
is speciﬁc for Fz10B andWnt1 orWnt8. This interactionwas conﬁrmed
as co-injection of a dominant negative form of Fz10B (containing only
the cysteine rich domain, CRD) with Wnt1 or Wnt8 mRNA inhibited
axis duplication by these Wnt ligands (data not shown).
Fz10B regulates the expression of late neural markers via the canonical
Wnt pathway
XenopusWnt1 has been reported to play a role in neurogenesis in
vivo and in vitro. The interaction found between the Fz10B and Wnt1
alongwith Fz10B expression pattern overlappingwith neural markers
suggests Fz10B may be mediating Wnt signalling during neuro-
genesis. We asked whether during neurogenesis, the levels of Fz10B
affect the expression of genes controlling neural development. We
injected embryos with Fz10B mRNA into one blastomere at the two-
cell stage and analyzed the effect on the expression of genes involvedt withWnt3a or Wnt7b. (A–D) Stage 35/36 embryos injected into the ventral marginal
Fz10B (C), or 1 pg Wnt8 (D). (E) Percentage of embryos showing normal (blue bar) or
nt8, or Wnt7b at three different concentrations (0.008, 0.0125, and 0.025 pg) of Wnt.
148 C. Garcia-Morales et al. / Developmental Biology 335 (2009) 143–155in the neurogenesis at the neurula stage. In order to identify the stage
at which Fz10B participates in neural differentiation, we selected
genes that are expressed at different stages of neural differentiation:
Sox2, a transcription factor, and N-CAM, a neural cell adhesion
molecule, are expressed early in cells committed to a neural fate
(Nitta et al., 2006; Mizuseki et al., 1998; Krieg et al., 1989); ElrC, an
RNA binding protein, is expressed in a subset of progenitor cells that
are either still proliferating or have recently undergone their last
division prior to differentiation (Carruthers et al., 2003; Seo et al.,
2005b; Souopgui et al., 2007), and N-tubulin, a type III neuronal-
speciﬁc tubulin, is expressed in post-mitotic terminally differentiated
neurons which mark the ﬁnal stage of primary neurogenesis
(Andreazzoli et al., 2003; Carruthers et al., 2003; Seo et al., 2005b;Fig. 3. Overexpression of Fz10B regulates the expression of late neural markers and increase
embryos (500 pg) were analyzed at stage 18. The probes used are indicated at the bottom of e
side. (I) Cross section of a stage 18 embryo injected with Fz10BmRNA into one blastomere at
in the injected side (red arrows) compared to the non-injected control side (black arrows); ar
in the sensory neuron stripe in Fz10B injected side (red) and non-injected control side (blue
pb0.001). The error bars show standard deviation, T test signiﬁcant. (K) Number of N-tubu
control side (blue line) in the same section; yellow triangles represent sections were the num
in neuralized animal caps increased N-tubulin expression at stage 18. Ni, non-injected;WE, w
Fz10B (O) and processed for N-tubulin expression. Red arrowheads indicate the lateral shift
side. All embryos shown in dorsal views with anterior to top; injected side to the left. mn,Yeo and Gautier, 2003). We compared the expression of the neural
markers between the Fz10B/lacZ mRNA injected side and the non-
injected side of whole mount embryos and we found that the general
neural markers Sox2 and N-CAM were not affected by Fz10B
overexpression (Figs. 3A–D), while Fz10B overexpression caused a
lateral shift of the endogenous ElrC (Fig. 3F, arrow) and N-tubulin
lateral domain (Fig. 3H, arrow) as well as the widening or increase in
the number of cells for both markers along the posterior part of the
expression domain corresponding to the prospective sensory neurons
(Bang et al., 1999; Klisch et al., 2006; Papalopulu and Kintner, 1996).
Themedial domain (motoneurons) of these markers was not affected.
To determine if the widening of the lateral domain was due to
an expansion of the neural plate at a deeper layer, we sectioneds the number of sensory neurons. (A, C, E, and G) lacZ or (B, D, F, and H) Fz10B injected
ach panel; red arrows indicate the expanded sensory neuron stripe in the Fz10B injected
the two-cell stage and showing an increase in the number of N-tubulin sensory neurons
rowheads pointing to themotor neurons. (J) Average number of N-tubulin positive cells
) showing increase in the number of sensory neurons in the Fz10B injected side (t=4,
lin sensory neurons in the Fz10B injected side (red line) compared to the non-injected
ber of sensory neurons is fewer in the Fz10B injected side. (L) overexpression of Fz10B
hole embryo. (M–O) Stage 18 embryos injectedwith eitherWnt1 (M), β-catenin (N), or
and increase in N-tubulin positive cells within the sensory neuron stripe in the injected
motor neurons; in, interneurons; sn, sensory neurons.
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observed that the neural plate was not expanded (data not shown)
but that there was an increase in the number of N-tubulin positive
cells (Figs. 3I–K). To see whether the effect of Fz10B mRNA on the
N-tubulin lateral domain was caused by a shift of the expression or
an increase in the number of N-tubulin positive cells, we sectioned
embryos injected with 1 ng Fz10B mRNA and observed that the
domain corresponding to motoneurons (mn) was not affected,
while on the injected side the sensory neuron (sn) domain was
shifted and expanded laterally compared to the non-injected
control side (Fig. 3I). The number of cells was counted from 15-
μm-thick sections and this showed that Fz10B overexpression
increases the number of N-tubulin positive cells (Figs. 3J and K)
with an average number of 41 neurons per section in the non-
injected control side and 53 in the Fz10B injected side (t=4,
pb0.01).
The effect of Fz10B overexpression was also assessed in animal cap
explants neuralized with noggin. Increasing concentrations of Fz10B
mRNA (500 pg–1 ng) were co-injected with a constant concentration
of 500 pg noggin into the animal pole at stage 1 of development. The
embryos were allowed to develop until stage 8.5–9 and then animal
caps were cut. The explants were incubated until sibling control
embryos reached stage18. N-tubulin expression in animal caps
neuralized with noggin has been reported when sibling control
embryos reach stage 25 of development, but not for earlier stages
(Papalopulu and Kintner, 1996). Fig. 3L shows that at stage 18, the
amount of N-tubulin is very low in animal caps injected with only
noggin or Fz10B mRNA, but when 1 ng Fz10B and noggin mRNA are
co-injected, the amount of N-tubulin increases. Interestingly a
combination of noggin and Fz10 overexpression does not lead toFig. 4. Fz10B loss of function inhibits sensory neurons differentiation. Embryos injected with
in one blastomere at the two-cell stage and analyzed at stage 18. Injected side towards left; t
in vitro; Fz10BMO sequence (red letters) aligned to the Fz10B target sequence. (F) Fz10BMO i
hybridization for ElrC (orange) and N-tubulin (blue) in stage 18 CMO (I and M) or Fz10BMO
in embryos injected with Fz10BMO. Ni, non-injected animal caps; WE, whole embryo.formation of neural crest as shown by slug expression (Fig. 3L) unlike
noggin and Fz7 or Fz3 (Abu-Elmagd et al., 2006).
The effect of Fz10B overexpression on the sensory neurons is
reminiscent of the effect of the overexpression of other members of
the canonical Wnt pathway such as Wnt1 and β-catenin, as shown in
Fig. 3M and N compared with O. Altogether, these results suggest that
Fz10B is involved in controlling the late stages of sensory neuron
differentiation.
We then looked at the effect of Fz10B knockdown on neurogenesis.
We used an antisense morpholino oligonucleotide (Heasman, 2002)
speciﬁcally designed to bind to Fz10B (Fz10BMO). Fz10BMO and a
standard control morpholino (CMO) were subjected to in vitro
translation assay which conﬁrmed the efﬁciency of Fz10BMO to
inhibit Fz10B translation, since the expression of Fz10B protein is
knocked-down by the morpholino in a concentration-dependent
manner (Fig. 4C) compared to the translation of the protein in the
absence of the morpholino or in the presence of the CMO.
Injection of 100 ng Fz10BMO into the animal pole of one
blastomere at two-cell stage of development did not affect the
expression of Sox2 or N-CAM compared to the control (Figs. 4A–E).
However, the lateral and intermediate domains of N-tubulin expres-
sion were downregulated (Fig 4L, red arrowhead), while the medial
domain, corresponding to the motoneurons (black arrow), did not
seem to be affected (Fig. 4L). ElrC expressing cells in the lateral
domain are more disperse but are never lost (Figs. 4G and H, red
arrowhead). We allowed some of the embryos to develop further to
stages 36/37. In simple touch assays, embryos injected with 100 ng
Fz10BMO into both blastomeres at the two-cell stage did not respond
to touching with a hairloop and swimming off unlike the control
embryos (Supplemental movies).100 ng control morpholino (A, D, G, and K) or 100 ng Fz10B morpholino (B, E, H, and L)
he probes used are named at the left of the panel. (C) Fz10BMO blocks Fz10B translation
nhibits the expression of N-tubulin in stage 25 animal caps. (I, J, M, and N) Double in situ
(J and N) injected embryos. Red arrowhead pointing to the loss of N-tubulin expression
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progenitors or differentiated neurons and the possible alternative fate
followed by the cells that do not express N-tubulin after Fz10BMO
injection, the effect of Fz10BMO on the expression of ElrC and N-
tubulin was analyzed (Figs. 4J and N). This experiment shows that
Fz10B knockdown has a speciﬁc effect on N-tubulin expression, which
is downregulated or even lost, rather than affecting ElrC neuronal
progenitors, which are still expressed and at the same level as in the
non-injected control side when N-tubulin is lost (Figs. 4J and N).
The effect of Fz10B loss on N-tubulin expression was also tested in
animal cap experiments. NogginmRNA (500 pg) was co-injected with
increasing amounts of Fz10BMO (80–100 ng) or CMO (100 ng) into
the animal pole of one-cell stage embryos; animal caps were cut at
stage 9 and incubated until sibling embryos reached stage 25 for RNA
extraction. N-tubulin was expressed in neuralized explants or in
neuralized explants co-injected with control MO. In contrast,
neuralized explants co-injected with Fz10BMO presented down-
regulation of N-tubulin (Fig. 4F).
To test the speciﬁcity of Fz10B on neurogenesis, a rescue
experiment was carried out by co-injecting stabilized β-catenin or a
full-length Fz10B which was modiﬁed to prevent the MO from
binding (Fz10B-SDM). In vitro translation showed that Fz10B-SDM is
insensitive to the Fz10BMO (Fig. 5A). This modiﬁed Fz10B retained its
property of inducing ectopic expression of N-tubulin when injected
on its own (Fig. 5E).When Fz10B-SDMwas co-injectedwith Fz10BMO
into the animal pole of one blastomere at the two-cell stage, theFig. 5. Fz10B loss of function effect on N-tubulin is speciﬁc for Fz10B and can be rescued b
35S-labeled in vitro transcription–translation system; translation of Fz10B-SDM is not affe
injection of either Fz10B-SDM or β-catenin rescues N-tubulin expression. (C) Embryos w
Fz10BMO (100 ng) on its own or co-injected with increasing amounts of either β-catenin
embryo injected with 100 ng Fz10BMO on its own; red arrowhead indicates the affected lo
(F) Embryo injected with 500 pg β-catenin; red arrowhead in E and F indicates the increase
and 500 pg Fz10B-SDM. (H) Embryo injected with 100 ng of Fz10BMO and 50 pg β-cateFz10B-SDM was able to rescue the downregulation of N-tubulin
lateral domain (Fig. 5G) with 72% of embryos showing normal N-
tubulin expressionwhen co-injecting 500 pg Fz10B-SDM compared to
8% showing normal N-tubulin expressionwhen just the Fz10BMOwas
injected (Fig. 5B).
We also tested whether Fz10B could mediate canonical Wnt
signalling during the process of neurogenesis and therefore whether
β-catenin could rescue N-tubulin downregulation in embryos injected
with Fz10BMO. Embryos were injected into the animal pole of one
blastomere at the two-cell stage of development with stabilized β-
cateninmRNA. Theβ-catenin in the construct has four pointmutations
in the N-terminal domain, which is targeted by GSK3β phosphoryla-
tion (Yost et al., 1996). Thesemutations preventβ-catenin phosphory-
lation by GSK3β. β-Catenin injected embryos were also hybridized
with Sox2 RNA probe; these embryos showed expansion of the Sox2
expression in the injected side (data not shown), which is not seen in
embryos injected with Fz10B. β-Catenin mRNA was co-injected with
β-galactosidase mRNA and Fz10BMO into the animal region of one
blastomere at the two-cell stage, and embryos were examined by in
situ hybridization at stage 18 for N-tubulin expression. Injection of
100 ng Fz10BMO leads to downregulation of N-tubulin lateral domain
expression (Fig. 5D). Co-injection of β-catenin mRNA was able to
rescue the N-tubulin loss caused by Fz10B knockdown (Figs. 5B andH)
and, at higher concentrations, even to overcome the effect of the
morpholino and cause ectopic expression of N-tubulin as seen in
embryos injected only with β-catenin (Fig. 5F). These results suggesty β-catenin. (A) mRNA and protein were prepared from Fz10B-SDM plasmid using an
cted in the presence of Fz10BMO. (B) Fz10BMO downregulates N-tubulin, while co-
ere injected twice into the animal pole of one blastomere at the two cell stage with
or Fz10B-SDM mRNA, ﬁxed at stage 18, and hybridized for N-tubulin expression. (D)
ss of sensory neurons in the injected side. (E) Embryo injected with 1 ng Fz10B-SDM.
in sensory neurons in the injected side. (G) Embryo injected with 100 ng of Fz10BMO
nin.
151C. Garcia-Morales et al. / Developmental Biology 335 (2009) 143–155that Fz10B is required for neural differentiation and that it may be
mediating canonical Wnt signalling during this process.
Overexpression of Fz10B accelerates RA-induced P19 cell neural
differentiation
We have shown that overexpression of Fz10B can increase the
number of N-tubulin positive cells at the lateral neural plate. To
determine whether overexpression of Xenopus Fz10B or a dominantFig. 6. Neural differentiation of Xenopus Fz10B and Fz10BCRD transfected P19 cells. (A) Semi
with Fz10B (lane 1), Fz10BCRD (lane 2), or empty vector (lane 3). The pcDNA3.1-Fz10BHA p
cells after day 3 of differentiation, (B–D) anti-β-III-tubulin antibody, and (B'–D') DAPI stain
cells showed abundant β-III-tubulin positive cells and axons out of the cell aggregate (cell a
cells. Fewer β-III-tubulin positive cells can be found (cell aggregate at left shown by dotted l
seen out of the aggregate (cell aggregate at top right shown by dotted line). (E) Percentage
differentiation. The percentage of neurons is higher than the control (p=0.34). Five differenegative form of Fz10 which contains just the extracellular part of
the protein (Fz10BCRD) could exert a general effect on neuronal
differentiation or proliferation, we transiently transfected mouse P19
cells and then induced them into neural differentiation by treatment
with all-trans retinoic acid. Expression of Xenopus Fz10B and Fz10B-
CRD in the transfected P19 cells was conﬁrmed by semi-quantitative
RT-PCR (Fig. 6A). Undifferentiated P19 cells grow as aggregates
when exposed to RA. Differentiated cells migrate out of the
aggregates. To analyze the inﬂuence of Fz10B on neuronal develop--quantitative RT-PCR with Fz10BNT, Fz10BCT, and mHPRT primers. P19 cells transfected
lasmid was taken as positive control (lane 4). (B–D) Immunostaining of transfected P19
ing. Original magniﬁcation: 20×. (B) Three days of differentiation of Fz10B transfected
ggregate at bottom left shown by dotted line). (C) Differentiation of control transfected
ine). (D) Three days of differentiation of Fz10BCRD transfected cells. Fewer cells can be
of neurons against total number of cells located out of the cell aggregates at 3 days of
nt ﬁelds of the cell cultures were counted for three separate experiments.
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tubulin antibody (Tuj1) to identify neurons and counterstained with
DAPI to visualize all cell nuclei. At day 3 following RA treatment, many
more TuJ1 expressing cells were observed to migrate out from the
aggregates in Fz10B transfected cultures compared with controls
(Fig. 6, compare B and C). A decrease in the number of migrating cells,Fig. 7. Neural differentiation of mFz10 siRNA knockdown cells. (A) Western blotting
with anti-Fz10 antibody of mFz10 knockdown in P19 cells, control cells, and wild-type
P19 cells before RA induction. Blotting of GAPDHwas taken as loading control. (B and C)
Immunostaining with anti-β-III-tubulin antibody (B and C) and DAPI (B' and C') on cells
differentiated for 6 days. Original magniﬁcation: 20×. (B) mFz10 siRNA transfected
cells. (C) Control siRNA transfected cells (the cell aggregates located at top right of the
pictures as shown by dotted lines). (D) Cell counting of day 4 and day 6 differentiation
cells. The percentage of neurons against total number of cells has a signiﬁcant decrease
(pb0.05) in the mFz10 knockdown cells. (E) Semi-quantitative RT-PCR with β-III-
tubulin, Nestin, GFAP, and HPRT on differentiated siRNA transfected cells every 2 days
(from day 0 to day 10). The signal of PCR produced was normalized to the intensity of
HPRT. Lane U indicates undifferentiated P19 cells.both TuJ1 positive and negative, was observed in Fz10BCRD trans-
fected cultures (Fig. 6D), although many TuJ1 expressing cells
appeared to collect at the edges of the aggregates (Fig. 6D and data
not shown). Cell counting showed that the percentage of neurons that
migrated away from the aggregates in Fz10B transfected cells versus
the total number of cells is almost twice that of the control (Fig. 6E).
These results suggest that overexpression of Fz10B could promote
neural differentiation at early stages of P19 neural differentiation.
Fz10BCRD could be blocking cell differentiation or cell migration from
the aggregate or both.
Inhibition of mFz10 leads to a reduction in the number of differentiated
neurons in P19 cells
Knockdown of Fz10B in Xenopus embryos impairs late stage
neuronal maturation. We therefore set out to knock down mFz10 in
P19 cells by using siRNA technology. Western blotting indicated that
mFz10 was downregulated signiﬁcantly in mFz10 siRNA transfected
cell, while control transfected and wild-type cells constantly
expressed mFz10 (Fig. 7A, top band). Immunostaining with Tuj1
and DAPI at 4 and 6 days after RA treatment indicated that cells have
migrated out of the cell aggregates in both control and knockdown
cultures. However, in the mFz10 knockdown cultures the number of
Tuj1 positive cells observedwas signiﬁcantly reduced (Figs. 7B and C).
We counted the percentage of Tuj1 positive cells against the total
number of migrated cells. Tuj1 positive cells increased in both groups
from day 4 to day 6. At each time point, a signiﬁcant decrease
(pb0.05) of Tuj1 positive cells can be found in mFz10 knockdown
groups (Fig. 7D). In order to see whether the effect is neuron speciﬁc,
we looked at astrocyte differentiation using GFAP staining. Astrocytes
appeared after day 8, and no signiﬁcant difference between the two
groups could be seen at this stage (data not shown). To investigate the
effect of mFz10 knockdown on gene regulation during the differen-
tiation process, semi-quantitative RT-PCR of β-III-tubulin, Nestin,
GFAP, and internal control HPRT was carried out every 2 days during
differentiation (Fig. 7E). The signal of β-III-tubulin in the control was
stronger than mFz10 knockdown cells at days 2, 4, and 6. RT-PCR of
neural progenitor cells marker, Nestin, indicated that, in both groups,
Nestin began appearing after 2 days of differentiation with a constant
expression level, and was not affected by the downregulation of
mFz10 (Fig. 7E). Expression of GFAP was detected from day 8, which
correlated with the result of the immunostaining and again was not
affected by the downregulation of mFz10. In conclusion, these data
suggest that knockdown of mFz10 in the RA-induced P19 cell
differentiation model can inhibit neuronal differentiation from neural
precursor cells into neurons, while it has no effect on gliogenesis.
These results are similar to those observed in Xenopus embryos, and
suggest that Fz10 has important function during neuronalmaturation.
Discussion
How can Wnt1 and Wnt3a which both signal through the
canonical pathway and have similar expression patterns in the neural
tube have different functions? The frizzleds they interact with could
provide the difference. In Xenopus, Fz10B could be a putative receptor
for Wnt1 and Wnt3 as it is co-expressed with them in the dorsal part
of the neural tube (Wheeler and Hoppler, 1999; Wolda et al., 1993).
To identify possibleWnt ligands for Fz10B, synergistic axis duplication
assays were carried out. Fz10B can synergize with Wnt1 and Wnt8
and induce partial axis duplication when injected into the ventral
marginal zone of cleaving embryos. Also, Fz10 CRD is able to inhibit
the XWnt8 ectopic axis induction. These two members of the Wnt
family are well known to signal through the canonical pathway, and
Fz10B seems to act in the same pathway. XWnt3a is also a canonical
Wnt and shares expression with Fz10B but our synergy experiments
demonstrate that XWnt3a does not synergize with Fz10B. Thus our
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ligand:receptor pair. Kawakami et al. (2000) have also shown Fz10
does not interact with Wnt3a in synergy assays while it does interact
with Wnt7a. Overexpression experiments in cell culture have shown
that Fz10 can interact with Wnt7b which contradicts our results
(Wang et al., 2005). Interestingly in those experiments the interaction
was dependent upon LRP5 being present while addition of LRP6
meant no interaction. This could explain the contradictory results as
in the early embryo LRP6 is the predominant LRP expressed (Houston
and Wylie, 2002) and also suggests that Fz19's interactions with
speciﬁc Wnts and LRPs will need to be looked at directly in neural
tissue.
In the P19 neural differentiation model, we found that over-
expression of Fz10B promotes neuronal differentiation (Figs. 6B, C, and
E). A previous study also showed that stable overexpression of Wnt1
can induce neural differentiation in the absence of RA treatment (Tang
et al., 2002), andmaintenance of Axin expression levels or inhibition of
β-catenin signalling can block P19 cell neural differentiation (Lyu et al.,
2003). These results suggest that signalling through the Wnt1/β-
catenin pathway via Fz10B is important for the differentiation of
neural precursor cells into neurons in mouse cell culture.
The Xenopus Fz10B expression pattern suggests that it could be
mediating Wnt signalling during neural development, especially in
the development of dorsal neural structures. Fz10B is expressed in
different regions of the developing nervous system and its expression
is related to well characterized neural markers as shown in Fig. 1,
where it overlaps between the neural ectoderm domain of ElrC and
the most dorsal primary neurons in the N-tubulin lateral domain.
Fz10B seems to partially co-localize with general neural markers Sox2
and N-CAM in the neural plate. However, Fz10B expression is weak at
early neurula stages such as stage 13, when these markers are ﬁrst
turned on, which might explain that even when they overlap at late
neurula stage (stage 18), Fz10B overexpression or loss does not affect
neural induction. In addition other frizzleds expressed at these stages
could compensate for Fz10B.
It is known that in Xenopus, when the neural folds fuse and form
the neural tube, the primary neurons are distributed in three
domains: sensory neurons more dorsal, interneurons medial, and
motor neurons more ventral. Fz10B expression overlaps mainly with
sensory neurons. ElrC is expressed from stage 12 in neural progenitor
cells as they progress towards differentiation, and at stage 18 in whole
embryos its pattern is very similar to N-tubulin (Voigt et al., 2005).
The lateral domain of ElrC partially overlaps that of Fz10B (Fig. 1E).
Interfering with Fz10B levels does cause an effect on the ElrC lateral
domain; the domain is shifted laterally when Fz10B is overexpressed
(Fig. 3H), but ElrC expressing cells continue to be seen when Fz10B
translation is blocked (Fig. 4H). Overexpression of Fz10B caused the
lateral shift and an increase in the number of N-tubulin positive cells
preferentially in the sensory neuron domain, with no discernable
effect on the motor neurons (see Fig. 3K). A possible explanation is
that differentiation of sensory neurons, but not motor neurons, is Wnt
dependent, which has been previously suggested by Bang and
colleagues (1999), who found that dnXWnt8 caused loss of Xnrgr-1,
ElrC, and N-tubulin lateral plate expression, but had no effect on the
medial domain, and Marcus et al. (1998) who showed that over-
expression of GSK3β inhibited N-tubulin expression in the most
lateral stripe.
Fz10B may be necessary for the later stages of neuronal
differentiation as embryos injected with Fz10BMO lack the terminal
differentiation marker N-tubulin but ElrC expressing cells are still
present (see Figs. 4H–N). N-tubulin induction by Fz10B overexpres-
sion in vivo is also supported by animal cap experiments. While N-
tubulin is expressed in primary neurons, which appear in the neural
plate soon after gastrulation, it is not detected in neural tissue induced
in animal caps by noggin RNA until tadpole stages (Papalopulu and
Kintner, 1996). Neuralized animal caps injected with Fz10B expressedN-tubulin at neurula stage. In contrast to these results, Voigt et al.
(2005) carried out a large-scale functional screen on Xenopus
tropicalis embryos and found that Fz10B overexpression caused a
reduction and displacement of N-tubulin and increase in Sox3 in
embryos at neurula stage, but later it caused ectopic N-tubulin at the
tadpole stage, and they suggested a correlation between suppression
of early neurogenesis, ectopic proliferation of neural tissue, and
ectopic neuronal differentiation at later stages having a transient
effect while the RNA concentration is high. They also report ectopic
expression of N-tubulin where expression was enhanced preferen-
tially along the motoneuron stripe and the suppression of the sensory
neuron stripe. This discrepancy might be due to different regulatory
controls on the sequence between species and to the fact that Xenopus
laevis has undergone genome duplication (Ureta-Vidal et al., 2003).
As mentioned above, injection of a Fz10BMO caused the loss of N-
tubulin positive cells preferentially in the lateral stripe (sensory
neurons); this loss could be due to interference of neural induction,
increase in proliferation of the ectoderm at the expense of
differentiation, or a later failure of the neuroepithelial cells to
differentiate (Yamaguchi, 2001). Upon Fz10B injection, embryos
showed ectopic expression of N-tubulin positive cells of the lateral
domain but an overall normal pattern of general neural markers (Sox2
and N-CAM). This result suggests that the increase in the number of N-
tubulin expressing cells observed is not contingent upon cell
proliferation and, thus, is likely to reﬂect a change in cell fate within
the neuroectoderm. Fz10B knockdown did not cause a change in
expression of Sox2 or N-CAM either, which supports the idea that
Fz10B activity does not affect initial neural cell speciﬁcation. In chick
and mouse Wnt1 and Wnt3a are known to regulate the proliferation
of neural progenitors. Our results suggests that during Xenopus
primary neurogenesis their role may be one of speciﬁcation instead of
or as well as proliferation. Fz10 may not be the frizzled relaying a
proliferative signal. Other frizzleds such as Fz3 could be mediating
proliferative signals.
For the in vitro study of P19 cells, we used Fz10B-CRD transfection
and siRNA knockdown to block signalling via Fz10. We found that
both approaches inhibit the differentiation of neurons from P19 cells,
though the mechanism seems to be different. In the CRD transfection,
we still can see the β-III-tubulin positive cells appear in the cell
aggregates, but there appears to be a block in cell migration from the
aggregates (Fig. 6D). With the siRNA knockdown experiments,
inhibition of mFz10 expression causes a signiﬁcant decrease in the
number of neurons, while no obvious effects can be seen on nuclei
distribution (Figs. 7B and C). One possible explanation is that the
overexpression of Fz10B-CRD blocks all signalling pathways triggered
byWnts and interrupts many processes, while siRNA knockdown only
inhibits signalling via mFz10. This again suggests that Fz10 is relaying
only part of the Wnt signalling to the neuroectoderm. The mRNA
expression level of β-III-tubulin in mFz10 knockdown cells is weaker
than control transfection, which can reﬂect the decreased number of
neurons. In addition, the results from P19 cells show that mFz10
knockdown does not change the expression level of the neural
precursor marker, Nestin, during the differentiation process. These
results are similar to the ﬁnding from the injection of Fz10BMO and
suggest the function of Fz10 speciﬁcally to be in regulation of later
stage neural differentiation. Further experiments to identify the
neuron type in the P19 cell differentiation model are necessary.
In order to attribute the loss of function effects of Fz10BMO on
neurogenesis seen in this study to be speciﬁc for Fz10B, the results
were supported by mRNA rescue experiments. The generated Fz10B-
SDM was able to rescue loss of N-tubulin sensory neurons domain
caused by Fz10BMO injection (see Fig. 5). As previously mentioned,
Wnt/β-catenin signalling is involved in neural development. Fz10B
seems to be able to mediate canonical Wnt signalling in Xenopus
embryos, therefore it might be possible to rescue Fz10BMO effect by
allowing β-catenin signalling. β-Catenin injection was able to rescue
154 C. Garcia-Morales et al. / Developmental Biology 335 (2009) 143–155the N-tubulin loss caused by Fz10B knockdown and, at higher
concentrations, even to overcome the effect of the morpholino and
cause ectopic expression on N-tubulin (see Fig. 5). This suggests that
in the context of neurogenesis, Fz10B could be signalling through the
canonical pathway, although overexpression of β-catenin can also
cause an increase in Sox2 expression, which is not seen for Fz10B. In
chick andmouseWnt1 andWnt3amediate neuronal cell proliferation
in a redundant manner (Ikeya et al., 1997). In these experiments it is
unclear which frizzled(s) is mediating the signal. A number of
frizzleds are expressed in the developing neural tube. Different
frizzleds could be mediating different responses. In our case Fz10 may
not mediate a proliferative signal, though this cannot be ruled out at
this stage, but one of cell differentiation during late neurogenesis. This
is conﬁrmed as a canonical Wnt pathway effect by our rescue of the
MO knockdown of Fz10 with β-catenin and the fact that GSK3β
overexpression and knockdown gives similar phenotypes to Xenopus
Fz10 (Marcus et al., 1998).
In conclusion we have demonstrated Fz10 to mediate Wnt1
signalling and that Fz10 is crucial for differentiation of sensory
neurons during primary neurogenesis in Xenopus and important for
neurogenesis in differentiated mouse P19 cells.
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